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INTRODUCTION
THE LIVER, WHICH PLAYS a central role in the systemic homeostasis of many metabolic pathways, has emerged as a favored target for in vivo gene therapy. Gene correction of hepatocytes alone may be therapeutic for the treatment of genetic disorders, and systemically delivered vectors readily target hepatocytes due to fenestrae in the capillary walls of the liver. Vectors based on adeno-associated viruses (AAV) are attractive vehicles for gene therapy, and a new family of endogenous primate AAVs shows high capacity for efficient and safe in vivo gene delivery. 1, 2 One of the more hepatotropic vectors, based on AAV serotype 8 (AAV8), has shown success in a number of preclinical and clinical models, including patients with hemophilia B. [3] [4] [5] [6] As a result, the development of liver-targeted, AAV8-mediated gene therapy has been pursued for the homozygous form of familial hypercholesterolemia (HoFH), which is caused by a severe deficiency of low density lipoprotein receptor (LDLR). 7, 8 The most commonly used mouse model for HoFH studies has been the Ldlr -/mouse. Although LDLR deficiency leads to a dramatic phenotype of pronounced hypercholesterolemia and myocardial infarction in humans, deletion of LDLR in the mouse is not associated with hypercholesterolemia when fed a normal chow diet. [9] [10] [11] [12] Instead, hypercholesterolemia in the Ldlr -/mouse must be induced through a high-fat diet, which does not recapitulate the lipoprotein profile and pathogenesis of atherosclerosis seen in humans. A variation in the metabolism of apolipoprotein B (ApoB) may explain the phenotypic difference observed between mouse and man. 13 Humans synthesize the full-length version of ApoB, called ApoB100, which is incorporated into LDL particles to render them as high affinity ligands for LDLR. Conversely, ApoB mRNA editing catalytic polypeptide-1 (Apobec1) is highly expressed in mouse liver, resulting in the production of a truncated form of ApoB (ApoB48) that does not bind to LDLR. ApoB48 is cleared more rapidly from the blood through processes that are independent of LDLR, possibly explaining why Ldlr -/mice do not develop significant hypercholesterolemia or atherosclerosis on a normal rodent chow diet. 14 Recognizing that ApoB48 activity is a major difference between mice and humans in terms of lipoprotein metabolism, a germ line ablation was introduced into the Apobec1 gene in the mouse. A phenotype very similar to human HoFH was created when the Apobec1-ablation was bred into an Ldlr -/strain of mice. 15 These double Ldlr/Apobec-1 knockout (DKO) mice, which are deficient in both LDLR and Apobec1, develop severe hypercholesterolemia due to elevations in LDL when fed a normal chow diet. This is associated with atherosclerosis that is similar in distribution and histology to what is seen in HoFH patients.
AAV8 vectors expressing murine and human versions of LDLR have been previously developed and tested in the DKO mouse model, which resulted in complete correction of hypercholesterolemia and reversal of pre-existing atherosclerosis. 16, 17 The present study describes a combined pharmacology/ toxicology investigation of the clinical candidate vector, AAV8.TBG.hLDLR, in DKO mice to support the initiation of a Phase 1 clinical trial in HoFH patients.
MATERIALS AND METHODS

Vector preparation
AAV vectors expressing either mouse LDLR (mLDLR) or human LDLR (hLDLR) from the thyroxine binding globulin (TBG) promoter were produced by the Penn Vector Core at the University of Pennsylvania, as previously described. 18 The vector was stored frozen at -60°C to -80°C. The final vector products were diluted in sterile phosphatebuffered saline (PBS; Mediatech, Inc., Corning Life Sciences, Corning, NY) and kept on wet ice or at 4°C until injection. A certificate of analysis that verifies quality and purity is provided in Supplementary Table S1 (Supplementary Data are available online at www.liebertpub.com/humc).
Mouse model of HoFH
A total of 280 (140 male, 140 female) homozygous DKO mice were used in this study. The original mice were obtained from the laboratory of Dr. Daniel J.
Rader and were bred and acclimated in a University of Pennsylvania facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and assured by the Public Health Service. All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. All DKO mice were genotyped prior to enrollment in the study. Mice were between 6 and 22 weeks of age and weighed between 14.6 and 37.5 g at the initiation of the study. Each animal was identified with a unique identification number on an ear tag. Following determination of the weight, age, and sex of the animals to be included in the study, each treatment group included (a) an equal number of males and females, (b) an equal representation of the various ages, and (c) an equal representation of mouse weights.
Up to five mice per cage were housed in solidbottom, polypropylene micro-isolator cages with corn cob bedding. All cage sizes and housing conditions were in compliance with the Guide for the Care and Use of Laboratory Animals. Cages, water bottles, feed, and bedding substrates were autoclaved into the barrier facility. An automatically controlled 12 h light/dark cycle was maintained. Animals were fed Purina Lab Diet Rodent 5010, and local water that had been processed by passage through a Getinge water purifier was available to the mice ad libitum via an individually placed water bottle in each housing cage (chlorination level of two to four parts per million).
Mice were administered with vector intravenously (i.v.) via the tail vein in a volume of 100 lL using a 27 gauge 1/2 inch needle and 1 mL syringe.
Justification of dosing and time points
The doses used for the vector that expresses the murine version of LDLR were 7.5 · 10 11 GC/kg, 7.5 · 10 12 GC/kg, and 6.0 · 10 13 GC/kg of AAV8.TBG.mLDLR, as determined by quantitative polymerase chain reaction (qPCR) titer. The lowest dose of 7.5 · 10 11 GC/kg represented the initial dose of the proposed clinical trial (Clinicaltrials.gov, NCT02651675), and a measurable decrease in total serum cholesterol was predicted at this dose. The middle dose of 7.5 · 10 12 GC/kg represented the highest proposed dose of the clinical trial. In the preclinical efficacy studies, >95% reduction in total serum cholesterol was seen in AAV8.TBG.mLDLR-administered DKO mice at this dose. The highest dose of this preclinical study was 6.0 · 10 13 GC/kg, which is approximately eightfold greater than the highest dose of the proposed clinical trial. No increases in NONCLINICAL PHARMACOLOGY/TOXICOLOGY STUDY IN HoFH MOUSE serum levels of transaminases were observed at any of these doses in the efficacy studies.
One additional vector cohort included mice injected i.v. with 6.0 · 10 13 GC/kg of the clinical candidate vector, AAV8.TBG.hLDLR. This dose is approximately eightfold greater than the highest dose intended for the proposed clinical trial. This group provides important information on the margin of safety between the highest anticipated dose in the clinical trial and the potential maximal tolerated dose. The indicated time points (day 3, day 14, day 90, and day 180 post vector administration) were selected to capture the expression profile of the vector. For a summary of the study design, see Table 1 .
Analyses of blood samples
Blood was collected retro-orbitally prior to study initiation or by cardiac puncture at necropsy. Blood collected at necropsy was submitted to Antech Diagnostics (Irvine, CA) for clinical chemistries. Serum collected at baseline, day 3, and day 14 post vector administration with 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR was evaluated for the presence of inflammatory cytokines by multiplex enzymelinked immunosorbent assay (ELISA; Luminex) with pre-injection serum as a baseline. Cytokine and chemokine elevations in serum were measured using a 32 analyte assay (see Supplementary Table  S2 for a list of cytokines/chemokines analyzed). Briefly, the analytes were evaluated using a Mouse Milliplex kit (Millipore, Billerica, MA) according to the manufacturer's instructions. Plates were read on a Luminex 200 instrument (Luminex Corporation, Austin, TX) at the Human Immunology Core at the University of Pennsylvania, and the data were analyzed using Bioplex manager (Bio-Rad, Hercules, CA). The lower limit of detection for this assay was 12.8 pg/mL for interleukin-13 and 3.2 pg/ mL for all other analytes.
Neutralizing antibody (NAb) titers were determined on serum samples collected on day 28 post vector administration from mice administered with 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR, as previously described. 19 
Necropsy and analysis of tissues for pathology
Mice were euthanized at the scheduled necropsy time points. The list of tissues collected is provided in Supplementary Table S3 . At the time of necropsy, tissues were collected for RNA expression in a manner that reduced the potential for crosscontamination and were snap frozen. RNA levels were quantified using qPCR, as previously described. 20, 21 All tissues collected for histopathology were fixed using 10% neutral-buffered formalin, paraffin embedded, sectioned, and stained for histopathology assessments using hematoxylin and eosin stain. Slides were examined microscopically by a board-certified veterinary pathologist at Charles River Laboratories, Pathology Associates (Wilmington, MA). Findings in the lung were peer re- viewed by a second board-certified pathologist at the University of Pennsylvania.
T-cell responses to AAV8 capsid and hLDLR transgene
Splenocytes were harvested on day 14 post vector administration from animals that received 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR. T-cell responses to AAV8 and hLDLR were analyzed by interferon gamma (IFN-c) enzyme-linked immunospot assay (ELISPOT), as previously described, 22 using peptide libraries specific for the AAV8 capsid and hLDLR transgene, where positive response criteria are >55 spot forming units (SFU)/10 6 cells and three times the medium negative control value (no stimulation).
Statistical analyses
A formal evaluation for statistical significance was performed on all clinical pathology values by a biostatistician. Comparisons between parameters for each group were performed versus the control group for assessment on days 3, 14, 90, and 180 post vector administration. The comparisons were stratified by sex and were examined descriptively using summary statistics and visual boxplots. Inferential comparisons were carried out using general linear modeling within SAS v9.4 (SAS Institute, Cary, NC) using Proc Genmod. Statistical significance was taken at the 0.05 level without regard to multiple comparisons or power. Additional analyses were performed in Prism (GraphPad Software, San Diego, CA). An unpaired Student's t-test was used for comparison of RNA levels, and comparisons between multiple groups for evaluation of cytokine levels were performed using one-way analysis of variance (ANOVA; Tukey's multiple comparison post-test). All values are expressed as meanstandard error of the mean (SEM).
RESULTS
Study rationale and design
The DKO mouse model simulates the metabolic and clinical aspects of HoFH as they develop severe hypercholesterolemia and extensive atherosclerosis on a chow diet. 15 Additionally, this mouse line has been bred onto a C57BL/6 background, enabling analysis for antigen-specific T cells restricted by the H-2b haplotype.
This study was designed to test the clinical candidate, AAV8.TBG.hLDLR, at a dose of 6.0 · 10 13 GC/kg, which is approximately eightfold higher than the highest dose that would be administered to subjects with HoFH in the proposed clinical trial. A version of the vector that expresses the murine version of LDLR was tested at this high dose, as well as at two lower doses, to provide an assessment of the effect of dose on toxicity parameters and cholesterol reduction. The dose-response experiment to establish the minimally effective dose was performed with the vector expressing murine LDLR, since it should better reflect the efficacy that would be observed in humans using the human LDLR vector. The data show that the hLDLR vector underestimates efficacy in the DKO mouse, and it may also exaggerate toxicity, 16, 17 especially in regards to T-cell responses to the transgene product (i.e., the mouse may mount a greater T-cell response to human LDLR than to mouse LDLR).
A summary of the study design is included in Table 1 . On study day 0, mice were administered with 7.5 · 10 11 GC/kg, 7.5 · 10 12 GC/kg, or 6.0 · 10 13 GC/kg of AAV8.TBG.mLDLR, 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR, or vehicle control (PBS). Vector and vehicle control were both administered as a bolus 100 lL i.v. injection. Four necropsy time points were chosen for the study: day 3, day 14, day 90, and day 180 post vector administration. Day 3 was chosen as an early time point to examine the presence of innate inflammatory responses against the vector. Maximal transgene expression occurred on day 14. Therefore, this time point was important for examining the activation of adaptive immune responses, such as cytotoxic T lymphocytes (CTLs), against both the capsid and transgene. Day 90 represented an intermediate time point that enabled us to examine the presence of toxicity after maximum transgene expression has stabilized in the absence of primary CTL responses, and day 180 represented a long-term time point.
Clinical findings
During the course of the study, two mice were euthanized outside of the designated necropsy time points. Upon the request of the clinical veterinarian, the first of these two mice (a female mouse injected with PBS and scheduled for necropsy on day 90 post vector administration) was euthanized on day 5 of the study due to an ulcerated mass on the lower jaw and across the chest. The pathologist reported no microscopic findings that would explain the need to euthanize this animal. The second animal (a male mouse injected with 6.0 · 10 13 GC/ kg of AAV8.TBG.hLDLR and scheduled for necropsy on day 90 post vector administration) was euthanized on day 1 of the study due to signs of distress seen at daily viability checks. The pathologist found marked neutrophilic meningoenceph-alitis with bacteria, which was interpreted as the cause of death.
Following administration of vector or vehicle control, animals were monitored daily for general observations. With the exception of the mice that were euthanized prior to their necropsy time points and the occasional requirement of ear retagging, there were little to no observations reported.
Clinical pathology
The blood chemistry and cell profiles of the animals were analyzed at the time of necropsy by the contract facility, Antech Diagnostics. Thirty different parameters of the blood chemistry results were evaluated for statistical significance ( p < 0.05) compared with mice administered with the vehicle control (100 lL of PBS) at each necropsy time point. None of these measures revealed dose-dependent and consistent abnormalities in the vector administered groups, except for a predicted decline in cholesterol.
Due to concerns over liver toxicity, the results of liver function tests (LFTs) have been included in Fig. 1 . Previous studies in DKO and LAHB mice, both of which are hypercholesterolemic in the absence of a high-fat diet and do not have steatosis, did not show toxicity following either mLDLR-or hLDLR AAV8-mediated gene transfer. 16, 17 Here, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were monitored at the time of necropsy as part of the clinical chemistry testing performed by Antech Diagnostics (Fig. 1A and 1B, respectively). Abnormalities in LFTs were restricted to elevations in AST and ALT, which were less than or substantially lower than four times the upper limit of normal (ULN) in all cases. Elevations in AST were limited to a few male mice necropsied on day 90 post vector administration with each of the three doses of the mLDLR vector. The only female mice with elevations of AST were from day 90 post vector administration with the mid-dose mLDLR vector. Elevations of ALT gave a similar pattern, with increases observed on day 90 in samples from the mid-and high-dose cohorts of the mLDLR vector, and a sporadic elevation from day 3 female mice administered with the hLDLR vector. The findings with the high-dose hLDLR vector were minimal, with only a few male animals demonstrating an elevation less than twice the ULN in ALT on day 3. All other groups fell within the normal limits. Notably, other parameters of liver toxicity, such as bilirubin, were normal for all groups. The mechanism(s) responsible for low-level transient elevations in transaminases on day 90 are unclear. However, they seem to be related to vector, since they were not observed in PBS-injected animals. It is unlikely that transgene product-or capsid-specific immune responses were involved, since the abnormalities were observed with what should be the less immunogenic transgene product (i.e., murine LDLR vs. human LDLR).
Effect of vector on serum cholesterol levels
The serum cholesterol levels of all animals were measured at the time of necropsy by the contract facility, Antech Diagnostics. Cholesterol levels in DKO mice injected with the vehicle control were similar across all necropsy time points, with no variation in levels between males and females (Fig. 2) . As expected, a rapid and significant reduction of cholesterol was observed on day 3, which persisted through days 14, 90, and 180 post vector administration in both male and female mice administered at all doses of the mLDLR vector (7.5 · 10 11 GC/kg, 7.5 · 10 12 GC/kg, and 6.0 · 10 13 GC/kg), as well as 6.0 · 10 13 GC/kg of the hLDLR vector ( p < 0.05).
There was an apparent sex difference seen in the DKO mice following i.v. administration of the low dose (7.5 · 10 11 GC/kg) mLDLR vector, which resulted in an average reduction in serum cholesterol of 62% in male DKO mice and 36% in female DKO mice across the four time points tested. There was no sex affect for the mid and high doses of the mouse LDLR vector or for the high-dose human LDLR vector. Administration of 7.5 · 10 12 GC/kg of mouse LDLR vector resulted in a >80% reduction in serum cholesterol (Fig. 2) . This dose represents the highest proposed dose of the clinical trial. Increasing the dose above 7.5 · 10 12 GC/kg of either the mouse or human LDLR vector did not provide a further decrease in serum cholesterol, which was close to normal levels (Fig. 2) . In general, the reduction in serum cholesterol seen by day 14 was the same as that seen on day 180 post vector administration. All groups of animals administered with the mLDLR vector and the one high dose of the hLDLR vector showed statistically significant declines in serum cholesterol ( p < 0.05) that persisted for the duration of the study, which was 180 days.
Cytokine analysis
The presence of inflammatory cytokines/chemokines in serum samples from four male and four female mice administered with the high dose (6.0 · 10 13 GC/kg) of AAV8.TBG.hLDLR was measured by multiplex ELISA assay (Luminex) on serum samples from day 3 and day 14 post vector administration using pre-vector injection serum as a baseline.
Baseline levels of granulocyte-macrophage colonystimulating factor, IFN-c, IL-1b, IL-2, IL-4, IL-3, IL-10, LIF, IL-17, MIP-1b, vascular endothelial growth factor, and tumor necrosis factor alpha were below the range of detection or did not meet the inclusion criteria (results available for two or more animals out of the four tested). Therefore, no further analysis could be performed for these parameters. IL-6, IL-9, KC, MCP-1, MIP-1a, and MIP-2 levels are presented in Fig. 3 . Levels were not determined for baseline samples collected High baseline values were seen for female mice necropsied on day 3 post vector administration (Fig. 3 ). There were no significant differences in preand post-vector administration levels of IL-6 and KC. A significant difference in pre-and post-vector administration levels of MCP-1 was seen for male mice necropsied on day 3 ( p < 0.05). In addition, there was a significant difference in pre-and postvector administration levels of IL-9, MIP-1a, and MIP-2 in male mice necropsied on day 14 ( p < 0.05). Notably, IL-6 did not significantly increase following vector administration in any of the groups.
NAbs to the AAV8 capsid and T-cell responses to the AAV8 capsid and hLDLR transgene
NAbs to the AAV8 capsid were examined for serum samples from day 28 post vector administration taken from mice injected with 6.0· 10 13 GC/kg of AAV8.TBG.hLDLR that were scheduled to be necropsied on day 90. All animals developed a NAb response, with titers that ranged from 1:640 to 1:5,120. Spleens were collected and splenocytes isolated for IFN-c ELISPOT analysis from animals that received 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR and were necropsied on day 14 post vector administration. T-cell responses were detected to the AAV8 capsid and hLDLR transgene in both male and female DKO mice ( Supplementary Table S4 ). Four female and three male mice were positive for responses to the AAV8 capsid against pool C of the AAV8 capsid library. A low-level T-cell response to the hLDLR transgene was detected in one female and one male mouse. This response was only slightly higher than background. Therefore, i.v. administration of 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR induced a low-level T-cell response to the AAV8 capsid and a very low-level T-cell response to the hLDLR transgene.
Histopathology
At the time of necropsy, tissues were harvested from all animals for full histopathology. There were no gross pathology findings that were considered to be related to the vectors. In order to facilitate the number of tissues requiring analysis by the pathologist, sections were reviewed in successive rounds, as described below. Initially, all tissues from animals administered with the high dose (6.0 · 10 13 GC/kg) of the human and mouse LDLR vectors were reviewed in round 1. In addition, sections from all tissues from mice administered with the vehicle control were reviewed for comparison. Following round 1, four target tissues were identified for round 2 analysis: the liver, lung, brain, and testes. These target tissues were identified due to positive or negative differences between mice administered with the vectors or vehicle control. Round 2 of the analysis was expanded to include sections from the target tissues (the liver, lung, brain, and testes) from mice administered with 7.5 · 10 12 GC/kg of the mLDLR vector. The analysis was further expanded in round 3 to evaluate sections from the liver, lung, and testes from mice administered with 7.5 · 10 11 GC/kg of the mLDLR vector. The brain was excluded from the round 3 analysis due to a lack of findings in round 2.
This study was performed in DKO mice that develop severe hypercholesterolemia and extensive atherosclerosis to simulate the metabolic and clinical aspects of HoFH in humans. While frank hepatosteatosis is not expected in these animals on a chow diet, background pathology above that observed for C57BL/6 mice was expected due to very high and persistent elevations in serum cholesterol. Therefore, it is not surprising that there were several histopathologic findings in mice injected with the vehicle control, which were subsequently considered to be background findings.
The most important and consistent histopathologic findings following the administration of vectors occurred in the vector target organ, the liver. The incidence and severity of four liver parameters (bile duct hyperplasia, sinusoidal cell hyperplasia, centrilobular hypertrophy, and mononuclear cell infiltration) are summarized in Table 2 , which includes all findings for mice injected with vehicle control and indicates the background levels of histopathologic findings for male and female DKO mice. All findings for mice injected with the vehicle control were either minimal or mild, with no moderate or severe findings. It should be noted that 87% of all findings in the control groups were minimal. Only findings in the vector-administered groups that were above the incidence or severity of those seen in the vehicle control-administered groups are presented in Table 2 . Due to high background findings in mice administered with the vehicle control, further analysis was focused on any relative findings in mice administered with vectors that were mild or above (mild findings denoted as ** in Table 2 ). In other words, findings described as minimal were dismissed as being irrelevant, unless associated with a clear dose-response effect or correlated with other findings of liver toxicity.
Mild bile duct hyperplasia and sinusoidal hyperplasia were present above background in a few female mice administered high doses of mLDLR and hLDLR vectors. Findings of centrilobular hypertrophy were present only in male mice administered low and medium doses of the mLDLR vector, but were not seen following administration of high-dose mLDLR or high-dose hLDLR vectors. The finding most relevant to T-cell-mediated immunity, mononuclear cell infiltration, was clearly worst in long-term vehicle control male and female mice and essentially non-existent in any of the vector-administered groups. The decrease in inflammation as a result of vector treatment suggests that there is disease-associated development of mild hepatosteatosis that is prevented by gene therapy, even at low doses. While not summarized in Table 2 , there was an increase in the incidence of minimal necrosis of liver in mice injected with 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR on day 180 compared with mice injected with vehicle control.
Analysis of other tissues (including the target tissues of the brain and testes) revealed minimal pathology, most of which was not considered to be related to the vector, because it was mild and also observed in vehicle control-administered animals. Notably, mononuclear cell infiltrates and alveolar histocytosis in some lung tissues in mice injected with vehicle control were minimal to mild and slighter higher in intensity in some animals that received the vectors, although these were not dosedependent. A few animals in the 180-day low-dose group were noted to have pulmonary lymphoma upon initial review. However, following peer review, these findings were determined to be nonmalignant inflammation, predominantly lymphohistocytic with fewer plasma cells and neutrophils. Therefore, it is not thought that these findings were therapy related.
hLDLR mRNA expression
RNA was extracted from liver samples taken at the time of necropsy from mice injected with 6.0 · 10 13 GC/kg (day 180) of AAV8.TBG.hLDLR and analyzed for hLDLR transcripts by TaqMan qPCR. hLDLR transcript levels were compared to RNA levels in liver samples from a previous study where DKO mice were administered with 7.5 · 10 12 GC/kg of the same vector lot and mice were necropsied on day 90 post vector administration. 23 RNA levels were only determined for two male and two female mice necropsied on day 90 post vector administration, and for three male and five female mice necropsied on day 180. There was no significant difference in vector-derived RNA ( p > 0.05) in mouse liver harvested on day 90 or day 180 post vector administration, although the dose was eightfold higher for the day 180 time point (Table 3) . This suggests some diminution in transgene expression over the three-month interval. Furthermore, there was no significant difference in the expression of hLDLR in male versus female mice on day 180 post vector administration. The expression of hLDLR mRNA is consistent with the stable reduction in serum cholesterol seen throughout the duration of the study, and supports the claim that there is no difference in transduction and/or transgene expression between males and females.
DISCUSSION
A basic tenet of gene therapy development is to determine the safety and efficacy of a proposed product in non-clinical models before testing in humans. This is challenging with complex biological products, such as gene therapy vectors. For genetic diseases, the most available species for assessing pharmacology are mice that have been genetically engineered to simulate the pathology of the corresponding human condition. In the case of the present product, a mouse model was used that had been engineered to eliminate the expression of At necropsy, tissues were harvested from all animals for full histopathology. The incidence and time points at which findings were identified are listed. All findings are presented for mice injected with PBS, indicating the background levels of histopathological findings for male and female DKO mice. Only findings in the vector-administered groups that were above those seen in the vehicle control-administered groups are presented.
The severity of the pathology is indicated as follows: *mild; **moderate. D, day.
endogenous LDLR and Apobec1 (called DKO) in order to develop severe hypercholesterolemia and atherosclerosis on a normal chow diet. 15 Assessment of toxicity is complicated because its etiology can be complex-ranging from host-adaptive immune responses to the vector or transgene product to untoward consequences of ectopic or unregulated expression of the transgene product. In some cases, the underlying pathology of the disease can influence these mechanisms of toxicity and diminish the relevance of wild-type animals. This was a concern for HoFH, where the associated dyslipidemia could lead to inflammation of the liver, which could exacerbate vector-associated liver damage. This study conducted an evaluation of both pharmacology and toxicity in the context of one integrated experiment in the best available mouse model of the disease. In fact, this general approach is supported by the Food and Drug Administration, as articulated in the recent Guidance for Industry: Preclinical Assessment of Investigational Cellular and Gene Therapy Products, where it is stated that ''preclinical studies in disease/injury models are encouraged to better define the risk-benefit ratio associated with investigational CGT (cellular and gene therapy) products.'' 24 One challenge in the design of this study was concern regarding the use of a vector expressing human LDLR in a mouse. It has been previously shown that binding of human LDLR to mousederived ApoB100 (i.e., the key ligand in LDL for the LDLR) was diminished, resulting in decreased in vivo activity in mouse models over what would be present in humans. 16 Therefore, evaluating human LDLR activity in a mouse would underestimate the true activity of the vector in humans. To address this issue, two versions of the AAV8 vector were produced: one expressing human LDLR to assess toxicity in the DKO mouse, and one expressing murine LDLR to address pharmacology and toxicity.
Male and female DKO mice 6-22 weeks of age were administered i.v. with one of three doses-7.5 · 10 11 GC/kg (low), 7.5 · 10 12 GC/kg (medium), or 6.0 · 10 13 GC/kg (high)-of AAV8.TBG.mLDLR or 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR. The doses were chosen to reflect the span of the proposed dosing regimen of the clinical trial. An additional cohort of animals received PBS as a vehicle control. Animals were necropsied on day 3, day 14, day 90, or day 180 post vector administration with tissues harvested for comprehensive histopathology examination. Additionally, blood was collected for a comprehensive clinical chemistry panel.
The study was remarkable for little toxicity seen in any of the groups, except for mild and reversible findings in liver pathology associated with the highest dose of the mouse LDLR vector. Of particular note, no significant elevations in important pro-inflammatory cytokines were seen (e.g., IL-6). It was concluded that there were no dose-limiting toxicities, meaning that the maximally tolerated dose is higher than the highest dose that was tested (6.0 · 10 13 GC/kg), and that the no adverse effect level was greater than or equal to the middle dose of 7.5 · 10 12 GC/kg. This correlated well with the toxicology study conducted in wild-type and LDLR +/rhesus macaques, which determined the maximally tolerated dose to be >1.25 · 10 13 GC/kg and the no adverse effect dose to be <1.25 · 10 13 GC/kg. 25 A stable reduction of cholesterol that should be clinically meaningful was achieved with the lowest dose of the mLDLR vector that was tested, which means the MED is £7.5 · 10 11 GC/kg.
One of the challenges in using genetically engineered strains of mice for assessing safety is diseaseassociated pathology, such as the steatohepatitis that was seen in older DKO mice, which may confound the interpretation of vector-associated toxicity. Despite this challenge, it was thought prudent to evaluate 6.0 · 10 13 Day 180 790 (F) 3.33 · 10 6 9.96 · 10 5 717 (M) 1.85 · 10 6 720 (M) 5.60 · 10 6 788 (F) 4.57 · 10 6 787 (F) 1.84 · 10 6 731 (M) 5.31 · 10 6 782 (F) 1.79 · 10 6 781 (F) 9.24 · 10 5
Mice administered with 7.5 · 10 12 GC/kg and 6.0 · 10 13 GC/kg of AAV8.TBG.hLDLR were necropsied on day 90 and day 180 post vector administration, respectively. Liver samples from mice administered with 7.5 · 10 12 GC/kg of AAV8.TBG.hLDLR were from a previous study with the same vector lot. 23 Following tissue harvest at necropsy, RNA was extracted from liver, and mRNA levels for the hLDLR transgene were determined. safety in the context of steatohepatitis because it may actually influence the severity of vectorinduced hepatotoxicity. There was also a concern that constitutive overexpression of LDLR in a hypercholesterolemic animal may lead to acute or chronic lipid overload and exacerbate steatohepatitis. In fact, it was found that vector treatment actually diminished the development of the liver inflammation found in control animals at longer time points. This was presumed to be the result of vector correcting the underlying metabolic drive of the inflammation, which was a massive accumulation of systemic LDL.
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